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Abstract. Two recent trends in fuel cell development are the use of ammonia as a fuel, and the
preference for intermediate temperature operation of solid oxide fuel cells. There have been a few
mathematical models of ammonia-fed solid oxide fuel cells reported in the literature, all of which are
for high temperature operation where Tamaru kinetics applies. To date, there have been no models
reported for intermediate temperature operation. At intermediate temperatures, hydrogen inhibition
of ammonia decomposition occurs and hence the Temkin-Pyzhev model of ammonia decomposition
must be employed. This paper is the first to present a two-dimensional computational model of an
intermediate temperature ammonia-fed solid oxide fuel cell with Temkin-Pyzhev ammonia
decomposition kinetics. The results show that the problem of thermal shock associated with high
temperature ammonia-fed fuel cells is alleviated at intermediate temperature operation.
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1 Introduction

1.1 Ammonia as a Fuel for Solid Oxide Fuel Cells

The high operating temperature of solid oxide fuel cells (SOFCs) allows for a wide variety of fuels
including hydrogen, methane, natural gas, methanol, ethanol and carbon dioxide. These fuels pose
problems for wide scale usage. Hydrogen is difficult to store and transport, while the others are all
carbon based.

Recently, ammonia has been considered as a fuel for SOFCs. It possesses a higher volumetric energy
density than pure hydrogen, compressed natural gas, and methanol [1]. It is widely produced and
distributed globally [2]. It produces zero carbon emissions and negligible nitrogen oxide (NOx) emissions
[3-6]. Cheddie [7] provides a comprehensive review on the use of ammonia as a hydrogen source for fuel
cells.

Because of the high temperature of SOFC operation, ammonia is decomposed into nitrogen and
hydrogen using thermal energy present within the fuel cell anode, as shown in equation 1. Thus
ammonia serves as a hydrogen source. It is thermodynamically possible to achieve 98-99% conversion of
ammonia at temperatures as low as 425 °C [8], however the reaction kinetics are slow. Catalysts such as
Pt, Ru, Pd, and Ir are required to speed up the rate of decomposition [9-12].

2NH, - N, +3H, (1)

Promising results have been demonstrated with a Ru catalyst, which provides nearly complete
conversion of ammonia to hydrogen at 600 °C, 64% conversion at 500 °C, and 14% at 400 °C [9].
However, the high cost of Ru militates against mass production for fuel cell applications. A lower cost
alternative is Ni [9, 13-17], which has resulted in 70% conversion of ammonia at 650 °C [9], 72%
conversion at 500 °C [16] and 95% conversion at 600 °C [13].
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1.2 Intermediate Temperature Operation of SOFCs

There is also a trend in SOFC research to reduce the temperature of operation. High temperature
SOFCs (800 — 1000 °C) require expensive ceramic electrolyte materials such as yittria stabilized zirconia
(YSZ) and samaria-doped ceria (SDC). These are oxygen ion conducting electrolytes which require high
temperatures to maintain high ionic conductivity. The high temperature environment also results in
rapid degradation of the materials.

The discovery of proton conducting electrolytes, such as barium cerate, has allowed for a reduction in
SOFC operating temperature without compromising electrolyte conductivity [7]. Barium cerate
electrolytes have been successfully implemented in SOFCs operating at 600-700 °C, and in one report,
an SOFC based on a barium cerate electrolyte was successfully operated at 450 °C [18]. These
intermediate temperatures are preferable from a materials point of view. The challenge for intermediate
temperature ammonia-fed SOFCs is maintaining a high conversion of ammonia to hydrogen at the lower
temperatures.

Early works found that when 1) the operating temperature was below 400 °C, 2) the ammonia partial
pressure was low, and 3) the hydrogen partial pressure was high; the hydrogen which was produced in
the decomposition reaction inhibited the rate of ammonia decomposition [19]. This phenomenon is called
hydrogen inhibition. The Tamaru kinetic model of ammonia decomposition is appropriate for cases
where hydrogen inhibition does not occur, while the Temkin-Pyzhev model is appropriate when
hydrogen inhibition does occur [20].

Based on experimental data, Chellappa et al [19] concluded that hydrogen inhibition does not occur at
temperatures above 400 °C. However, it is noteworthy that they arrived at that conclusion based on
experimental data conducted between 520-660 °C. They noted that their data was accurately fitted to
the Tamaru model, and hence they concluded that Temkin-Pyzhev kinetics do not apply. However,
Vilekar et al [21] have shown that the same experimental data of Chellappa et al [19] could also be
accurately fitted to the Temkin-Pyzhev model. They concluded that the Temkin-Pyzhev model is valid
for operating temperatures up to 660 °C. Other works have confirmed that the Temkin-Pyzhev model
could accurately fit experimental data up to 600 °C [22-24]. This shows that hydrogen inhibition is likely
to occur up to at least 660 °C, and as such it is a relevant concern for intermediate temperature SOFCs.

This casts aspersion on the conclusions drawn by Chellappa et al [19]. Logically it is unlikely that
there would be a single temperature demarcating whether or not hydrogen inhibition occurs. More than
likely, there would be a range of temperatures where both the Tamaru and Temkin-Pyzhev kinetic
models would apply. Based on the experimental data, this temperature range would be 520-660 °C.
Above this range, we can conclude that hydrogen inhibition does not occur and the Tamaru kinetic
model is applicable for ammonia decomposition. Below this range, hydrogen inhibition is significant, and
hence the Temkin-Pyzhev model is appropriate. But within this temperature range, both models could
be used accurately.

1.3 Modeling of Ammonia-Fed SOFCs

Modelling of ammonia-fed SOFCs has not received a lot of attention in the literature since it is a recent
trend. Most of the models presented to date are based on high temperature (700 — 800 °C) oxygen ion
conducting SOFCs [25-33]. As a result, they do not consider the effects of hydrogen inhibition.

The first models of ammonia-fed SOFCs were thermodynamic (zero-dimensional) models which
included first and second law analyses [25,26,31]. Ni et al [28,30] later developed electrochemical models
to account for electrode kinetics. In another work, they incorporated their electrochemical models with
their previous thermodynamic model to further develop the state of the art in ammonia-fed SOFC
modelling [32]. They presented this model for both oxygen ion conducting electrolytes as well as proton
conducting electrolytes, however, all of the modelling was conducted at high temperatures [29]. Cheddie
[33] continued the development of the field by presenting a computational fluid dynamics model.

The most significant finding in these works is that because of the endothermic ammonia
decomposition reaction occurring in the SOFC anode, there was a significant temperature drop followed
by a temperature increase due to the exothermic fuel cell reactions. This resulted in a temperature sink
or cold spot within the SOFC anode. Ni et al [32] reported this temperature drop to be 67 °C which
would pose deleterious material degradation problems in the SOFC anode. Cheddie [33] investigated
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strategies to reduce this temperature drop. It was found that recycling some of the anode outlet back
into the inlet feed served to reduce the inlet ammonia partial pressure, and hence reduce the rate of
decomposition. This strategy reduced the temperature sink to 24 °C.

Essentially, the best strategies to alleviate the temperature sink involve reducing the rate of ammonia
decomposition. Naturally if the operating temperature is decreased, the rate of ammonia decomposition
will also decrease, thus intermediate temperature operation is likely to solve the temperature sink
problem reported in the literature.

All of the reported models were applied to high temperature SOFCs and thus incorporated Tamaru
kinetics. None of these works attempted to model intermediate temperature SOFCs where hydrogen
inhibition occurs. To date, there have been no reported models of intermediate temperature ammonia-
fed SOFCs accounting for hydrogen inhibition.

1.4 Objective

This paper is the first model to report a two-dimensional computational model of an intermediate
temperature ammonia-fed SOFC which considers the effects of hydrogen inhibition and incorporates
Temkin-Pyzhev kinetics. It builds on our previously published model of an ammonia reactor employing
Temkin-Pyzhev kinetics [33]. This paper applies the model to an entire solid oxide fuel cell.

2 Model Development

2.1 Computational Domain

The computational domain shown in Figure 1 is for a 2D planar SOFC, however, the model can easily
be applied to tubular SOFC geometry.

NH; ——— Anode flow channel E— EH} e
Porous anode
ONH, — N, +3H,
H,—2H" +2¢ /
Electrolyte ¢ H o7
Porous cathode &
1 ,
50, +2H"+2¢ - H,0
Alr ———» Cathode flow channel — O, Ny,
H,O

Figure 1. Computational Domain.

Pure ammonia is supplied to the anode while atmospheric air enters the cathode. In this model,
ammonia decomposes into hydrogen and nitrogen in the anode porous domain in accordance with

Temkin-Pyzhev kinetics. The rate of decomposition is given by [22],
0.209

95600 I NH.
= 7 _ 3
T, (6:510 )exp( j . (2)
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Hydrogen then reacts electrochemically at the anode / electrolyte interface.
H, —2H" +2¢ (3)

%02 +2H" +2¢ — H,0 (4)

2.2 Governing Differential Equations

In the present model, the Navier-Stokes equations with Darcy’s Law source term are used to model bulk
fluid flow. The heat equation is used to determine the temperature distribution. Chemical species
transport is modelled using the dusty gas model, which is considered the most accurate model for
chemical species transport in porous media since it accounts for Knudsen diffusion [35]. The Butler-
Volmer equation is used for the electrochemical half-cell reactions. These equations are listed below.

pu~Vu:Vp+V<,uVu)+%u (5)
V(peuT)=V(kVT)+S, (6)
N. N —z N, Vizp
_z+z J i : o ( ) (7>
G-I RT
VN, =38 (8)
V(ov4)=0 ©)
e, 9 F
j =24 2 0 i | et (10)
Yy Cuo RT
1/2 P
c
=27 22| sinh| e (11)
o c;ef RT

2.3  Source Terms

The heat generation source terms are both interfacial and volumetric. The electrochemical reactions are
reckoned at the electrode / electrolyte interfaces, therefore reaction heat sources are interfacial. Ohmic
heating is dominant in the electrolyte domain. The endothermic ammonia decomposition occurs in the
anode, and represents a heat sink in the anode domain.

T (12)

8, = —j% (13)
S0 =+i ]Z;O (14)
ST,decomp = ~Fym, AH (15)
St fucteet = j(’] - Z;?SJ (16)

2.4  Solver

The model is implemented in COMSOL MultiPhysics 4.3, with a mesh containing 18,500 rectangular
elements, and is solved on a 2 GB, 2 GHz Intel CPU platform using the MUMPS direct stationary non-
linear solver.
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3 Results

All of the results shown in this section are based on an operating cell potential of 0.7 V, current density
of 5000 A/m?, and inlet temperature of 500 °C (773 K) of supply gases. Figure 2 shows the ammonia
mole fraction at the anode. Ammonia enters the anode channel at 1 atm. Within the anode domain, it
decomposes into hydrogen and nitrogen and as a result its concentration decreases both in the direction
of bulk flow and also in the direction anode-to-electrolyte. Note that the lowest mole fraction of
ammonia is 0.83 indicating a low conversion rate.

Figure 3 shows the corresponding plot for hydrogen mole fraction. The inlet gas has zero hydrogen.
But the hydrogen concentration increases as it is produced in the anode, but simultaneously decreases as
it is consumed in the electrochemical reactions. At 0.7 V, the maximum hydrogen mole fraction is
0.0864. If there were no electrochemical reactions occurring at the anode/electrolyte interface, the
maximum hydrogen mole fraction would have been higher.

Figure 4 shows the steady state temperature distribution. Cathode and anode gases enter at 773 K.
For these conditions, the changes in temperature are not large. It decreases to a minimum value of 770.3
K and increases to a maximum of 774.2 K. This temperature sink is due to the endothermic ammonia
decomposition reaction. The temperature rise is due to heat produced by the fuel cell reactions and
ohmic heating. As a result, there is an initial sink at the anode entrance region, followed by a gradual
rise in temperature, consistent with previous works [32,33].
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Figure 2. Ammonia Mole Fraction.
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Figure 3. Hydrogen Mole Fraction.
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Figure 4. Temperature Distribution (units: K).

4 Discussion

The results presented in the previous section are based on an operating cell potential of 0.7 V, a current
density of 5000 A/m?. It should be noted that in our previous model of a high temperature ammonia-fed
SOFC [33], the cell potential was 0.45 V with a current density of 3940 A/m2. This means that the
present intermediate temperature SOFC produces a power density of 3500 W/m?, compared to 1773
W/m? for the high temperature SOFC. The intermediate temperature SOFC produces nearly twice as
much power as the equivalent high temperature SOFC primarily because of the high conductivity of the
proton conducting electrolyte.

Figure 2 showed that the ammonia utilization is only 17% at the temperature used in this work. This
is compared to 100% in the previous high temperature model [33]. These results demonstrate that even
though the rate of ammonia decomposition decreased with temperature, the fuel cell performance was
not compromised at intermediate temperature operation.

The lower rate of ammonia decomposition is attributed to two factors: reduced kinetic rates as well as
hydrogen inhibition occurring at the lower temperature. This conversion can be improved by recycling
the anode exhaust as shown in our previous work [33], as well as pressurizing the ammonia. However
this would also exacerbate the temperature sink.

In high temperature SOFCs, this temperature sink is much more pronounced. In previous models for
high temperature ammonia-fed SOFCs, temperature sinks of 67 °C have been reported [32,33], which
pose deleterious material problems. In this work, the temperature sink is only 3 °C. This is primarily
due to the reduced rate of ammonia decomposition. The results shown in this work suggest that
problems of thermal shock can be significantly reduced by operating ammonia-fed SOFCs at
intermediate temperatures.

5 Conclusion

This work reported the first model of an intermediate temperature ammonia-fed SOFC in the literature.
It took into account hydrogen inhibition using Temkin-Pyzhev kinetics. Because of the reduced
temperature and the phenomenon of hydrogen inhibition, the rate of ammonia decomposition was lower
than high temperature SOFCs, however the fuel cell performance was not compromised. In fact, the
results have shown that maintaining a high electrolyte conductivity offsets the effects of reduced
ammonia decomposition rates at the lower temperature.
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The results have shown that the temperature sink (also known as the “cold spot”) associated with the
endothermic ammonia decomposition reaction was significantly mitigated at intermediate temperature
operation primarily because of the reduced rate of ammonia decomposition.

In future publications, the author plans to further develop modelling of intermediate temperature
SOFCs to include comparisons between Tamaru and Temkin-Pyzhev kinetics at various temperatures,
and also to consider a combination of both models at the critical temperature range.
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Nomenclature

Table 1. Abbreviations.

Abbreviation Meaning

SOFC Solid oxide fuel cell
NOx Nitrogen oxides

YSZ Yttria-stabilized zirconia
SDC Samaria-doped ceria

IJPER Copyright © 2018 Isaac Scientific Publishing



International Journal of Power and Energy Research, Vol. 2, No. 3, July 2018

Table 2. Symbols.

Symbol

Meaning

¥eEH® MIST ZZASTTIOIMOUS 006 TE I

Permeability
Overpotential
Dynamic viscosity
Electrolyte phase potential
Density

Molar concentration
Specific heat capacity
Gas pair diffusivity
Faraday constant
Enthalpy

Current density
Exchange current density
Thermal conductivity
Molecular mass

Molar flow rate
Partial pressure
Reaction rate
Universal gas constant
Source term

Entropy

Temperature

Fluid velocity

Mole fraction

Table 3. Subscripts and superscripts.

Abbreviation

Meaning

i,j,k
a, ¢
e
act
ref
eff
T

Chemical species
Anode, cathode
Electrolyte phase
Activation
Reference
Effective
Thermal
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